We have used first-principles calculations, including a correction for the dispersive forces (DFT-D2), to investigate the arrangement of hydrazine (N 2 H 4 ) molecules upon adsorption on the Cu(111) surface, showing that surface-molecule interactions affect the process most. Our calculations provide insight into the interplay between lateral adsorbate-adsorbate and vertical adsorbate-substrate interactions. We found that the main contributors to the assembly of the hydrazine layers are the binding interactions between the adsorbates and the substrate. The dispersion forces are predominant in both vertical and lateral interactions, whereas hydrogen-bonding is least important and organisation of the N 2 H 4 monolayers is therefore primarily due to the long-range interactions. Optimised geometries for several hydrazine conformations were found to be coverage-dependent. The electronic properties such as charge density and density of states have been calculated for different hydrazine coverages, and indicated that no charge transfer occurs between molecules. Scanning tunnelling microscopy images were simulated, where the observed protrusions arise from the trans conformers. We also found that the effect of hydrazine adsorption on the Cu(111) surface energy is negligible and further investigation of other Cu facets is needed to determine the N 2 H 4 effect on the nanoparticles' morphology. Finally, we have simulated the temperature programmed desorption of different coverages of hydrazine from the Cu(111) resulting in desorption peaks between 150 and 200 K.
Introduction
The assembly of organic molecules on solid surfaces is finding increasing applications in nanoscience, due to the ease of preparation and their power to control surface chemical and physical properties. The driving forces that induce the formation of highly ordered assembled molecular structures on the substrate are the adsorbate-adsorbate and adsorbate-substrate interactions. The molecular orientation during the assembly process may be governed by long-range binding forces such as hydrogen-bonding, dipole-dipole, van der Waals (vdW) and electrostatic interactions which act at a molecular level. Owing to the directional nature of these interactions, especially hydrogen-bonding, they may be used as control tools in the design of assembled monolayers [1] . A fundamental understanding of these interactions will help to better control the structure and properties of these systems [2] . Density Functional Theory (DFT) is a suitable technique to investigate the assembly process at the atomic level and the electronic structures of the systems at different coverages of molecules, as successfully shown on a number of substrates [3] [4] [5] [6] [7] [8] .
Molecular assembly of adsorbates may also be applied in the synthesis of well-defined nanoparticles for specific applications. Understanding the nanoparticle production process helps us to generate particles with specific sizes, morphologies and desired properties for particular applications. Reverse micelle-based synthesis, for instance, has achieved much in the way of controlling the size and shape of copper nanoparticles, although the underlying processes are still not fully understood. Many factors affect the size and shape of nanoparticles and one important factor is the concentration of the reducing-capping agent, e.g. hydrazine (N 2 H 4 ), which experiment has shown has a strong effect on the nanoparticle morphology [9] [10] [11] [12] [13] [14] [15] . Thus, understanding the molecular adsorption of N 2 H 4 on the dominant Cu (111) surface at different coverages may help identify measures to control the growth direction and design of copper and other metal nanoparticles.
In this paper we have applied electronic structure calculations based on the Density Functional Theory (DFT), with additional semiempirical terms to take into account essential dispersion interactions, to investigate the interactions between hydrazine molecules. We have investigated the systems with different concentrations of hydrazine, forming a network layer at the molecular level, to provide insight into the interplay between lateral adsorbate-adsorbate and vertical adsorbate-substrate interactions, and to deduce the effect of the concentration of hydrazine on the copper crystal shape. The application of a full monolayer allows us to mimic the hydrazine assembly and understand the intermolecular interactions. We have also modelled scanning tunnelling microscopy (STM) images for future comparison with experiment.
Computational methods
In this study we have employed the Vienna Ab-initio Simulation Package (VASP) [16, 17] , which allows calculations based on the Density Functional Theory (DFT) [16] [17] [18] [19] using pseudopotentials and planewave basis sets. The Perdew, Burke and Ernzerhof (PBE) [20] form of the GGA pseudopotentials [21, 22] is used here for calculations within the general gradient approximation, to carry out our total energy calculations and perform geometry optimisations by minimizing the forces and stress tensor on the systems. Only the valence electrons were treated explicitly and their interactions with the ionic cores were described by the Projector Augmented-Wave (PAW) method [22] . The cut-off energy for the expansion of the plane-wave basis sets was set at 600 eV, which gave bulk energies converged to within 0.001 eV/atom. To improve the description of the long-range interactions, we have employed the DFT-D2 [23, 24] method of Grimme as implemented in VASP, which has been shown to make important contributions to the surface-molecule interactions [3, [25] [26] [27] . In this approach the total energy is calculated as a function of the dispersion coefficient for each atom pair, a global scaling factor that depends only on the exchangecorrelation functional used, which is 0.75 for the PBE functional, and a damping function to avoid near singularities for small distances. The integration of the Brillouin zone was done using the Monkhorst-Pack [28] 11 × 11 × 11 and 3 × 3 × 1 k-point grids for the bulk and surface simulations, respectively.
Following our previous work [25, 26] , we have used a slab model of four atomic layers, in which the three uppermost layers were free to relax during the optimization, while the bottom layer was kept frozen at the optimised bulk positions. This set-up, where one side of the slab is kept fixed, ensures the explicit geometry optimisation of a realistic number of surface layers, while still retaining a reasonably sized slab which made it feasible to investigate a large number of initial adsorption geometries. To evaluate the model, structural relaxations of the clean Cu(111) surfaces were performed as a measure of the accuracy of the surface structure. They are calculated as the percentage relaxations of the atomic layers using Eq. (1):
where d ij is the interlayer distance in the relaxed surface and d bulk is the bulk layer spacing, which is given by the spacing of the fixed layers in the slab. The results for a 4-layer slab with different numbers of relaxed layers are summarised in Table 1 , where minus signs correspond to contraction. We note a contraction (−0.12%) in the first interlayer relaxation of the Cu(111) surface with three relaxed layers, in good agreement with experiment. Furthermore, the second interlayer exhibits an even larger contraction (−0.40%), while the interlayer spacing d 34 (−0.04%) remains almost unchanged.
We have also calculated the relaxed surface energies for the clean Cu(111) with different numbers of relaxed layers, where the unrelaxed surface energy (γ u ) is calculated as follows, Eq. (2):
E slab,u is the energy of the unrelaxed slab, E bulk is the energy of the primitive cell, n is the number of atoms in the slab compared with the ones in the bulk and A is the surface area of one side of the slab. We have then calculated the relaxed surface energy (γ r ) using Eq. (3); where E slab,r is the energy of the relaxed slab with one side fixed in the optimised bulk geometry. Table 1 presents the relaxed surface energies for a 4-layer slab with different numbers of relaxed layers, which shows that the surface energies converge very well with respect to the number of relaxed layers for the Cu(111) surface.
The slab used is a 3 × 3 supercell from the full unit cell, p(6 × 6), containing 36 atoms per layer (144 Cu atoms/unit cell) and exposing an area of 198. 8 Å 2 , which enables us to investigate a realistic hydrazine network. A vacuum of 20 Å was included between the slabs to avoid perpendicular interactions between images. We have also employed a perpendicular dipole correction to enhance energy convergence of the adsorbed systems. The geometry of the hydrazine molecule was optimised in the gas phase using a cubic box of 20 × 20 × 20 Å 3 ,
where the relaxed gauche conformer was found to be the most stable structure, being lower in energy by 0.13 eV relative to the trans and by 0.36 eV relative to the eclipsed conformation. We started building an overlayer of hydrazine molecules from a single hydrazine on the Cu(111), as investigated previously [25] , and increasing to two, three, four, five, six and nine molecules per cell, resulting in a wide range of coverages: from 0.50 to 4.53 molecules/ nm 2 . We carried out a relaxation of the geometry after each addition. The adsorption energy (E ads ) per molecule was calculated as the difference between the total energy of the optimised substrate-adsorbate system (E slab + nmol ) and the sum of the energy of the relaxed clean surface (E slab ) and n times the energy of an isolated N 2 H 4 (E mol ) in the gauche conformation, which is the most stable hydrazine conformer in the gas phase; n is the number of hydrazine molecules, Eq. (4):
The binding and cohesion energies per molecule have also been calculated to discuss the interplay between transversal (E bind ) and lateral interactions (E cohe ) [32] , which are defined as
where, E nmol is the energy of the hydrazine network in the vacuum and E slab ⁎ is the energy of the copper surface, both with the same geometry as found in the adsorbate-substrate calculation (denoted by the asterisk). Within this definition, negative E ads , E bind and E cohe values mean a [33] is also used to clarify the nature of the binding between molecules and the surface. The scanning tunnelling microscopy (STM) images were simulated using the Tersoff-Hamann formalism [34] , in which tunnelling currents are proportional to the local density of states (LDOS) of the surface over a range that corresponds from the Fermi energy (E F ) to the bias. We integrated our DFT-based partial charge density from − 1.5 eV to E F using Hive [35] . An STM at constant current mode follows a surface of constant current, which translates into a surface of constant integrated LDOS ρ(x, y, z) = ρ c as a function of x, y and mapping z on a grayscale.
Results and discussion
An isolated hydrazine molecule prefers to adsorb parallel to Cu(111) in a gauche conformation, but rotated towards the eclipsed conformation, interacting through both nitrogen atoms with Cu-N distances of 2.16 and 2.17 Å, as shown in Table 2 . This structure with the calculated adsorption energy of −0.85 eV/N 2 H 4 and a long-range interaction energy contribution of − 0.61 eV/N 2 H 4 is shown in Fig. 1 [25] . As we have shown in our previous papers [25, 26] , the dispersion correction enhances the hydrazine adsorption on the Cu(111) surface and increases the adsorption energy, while it changes the preferred orientation of the molecule from the atop geometry obtained by pure DFT [36] to a bridging adsorption configuration by using dispersion-corrected DFT-D2.
We have modelled several hydrazine configurations to produce the hydrazine assembly. We started from two molecules and identified the lowest-energy configuration, followed by a further increase in the coverage through the addition of another molecule onto the surface and exploration of the different orientations under the new coverage. The hydrazine network was grown in this way until full monolayer coverage was obtained. The lowest-energy structures are shown in Figs. 1-3, whereas less stable configurations are provided in the Supplementary Information. We have reported the adsorption, binding, and cohesion energies for each system, as well as the dispersion contributions to the energies, in Table 3 and the geometric details in Table 2 .
Adsorption structures of hydrazine molecules on Cu(111)
First, we investigated the relative orientation between two molecules in the supercell, as shown in Fig. 1 . We positioned different hydrazine conformers, including gauche, trans and eclipsed conformers, onto the surface, providing several choices for pairing of the N 2 H 4 molecules. We found three low-energy configurations with only small differences in the adsorption energies, ΔE ads 2(A)-2(B) = − 0.06 eV and ΔE ads 2(A)-2(C) = − 0.03 eV, as shown in Table 3 . Structure 2(A) has one hydrazine in the gauche and its neighbouring molecule in the trans conformation. In structure 2(B) one hydrazine is in the gauche conformation, adsorbing through one N atop a Cu atom, while the other molecule rotates towards the eclipsed conformation, thereby enabling the molecule to bridge through both N atoms to the surface. In the third structure, 2(C), both molecules are in the gauche conformation and, like structure 2(A), they adsorb on the surface through one N atom. Configuration 2(A) binds most strongly, due to the higher contribution of the dispersion interaction (Table 3) . Although there is negligible difference in charge transfer (CT) from the hydrazine clusters to the surface, Δ(CT) 2(A)-2(B) = − 0.02 e − and Δ(CT) 2(A)-2(C) = + 0.03 e − , the molecules in structure 2(A) are closer to the surface. The structure of the trans conformer makes it feasible to form H-bonds with nitrogen atoms of the neighbouring gauche conformer and enables molecules to interact by lateral interactions. Structure 2(A) is stabilised by the dispersive forces which contribute half of the adsorption energy. Since in structure 2(B) the hydrazine assembly has bound covalently to the surface through three bonds, compared to two bonds in 2(A) and 2(C), it leads to more charge transfer (+0.19 e − ) and a larger binding energy to the surface (− 1.19 eV), the largest of the calculated structures (Table 3) . However, the longer distance and weaker interaction between the molecules result in a smaller adsorption energy. Owing to the closer distance between the molecules in structure 2(C), this has the highest cohesion energy, although the repulsion between the hydrogens of the two gauche conformers decreases the adsorption energy.
We next increased the coverage by adding a third molecule to the previous three configurations, where the most stable networks formed are indicated as 3(A), 3(B) and 3(C) in Fig. 2 . In the 3(A) network, which is grown from the optimised 2(A) geometry, the adsorption energy decreases to E ads = −1.10 eV through the addition of another gauche hydrazine, which forms an H-bond between one of the nitrogen atoms and one of the H atoms of the trans conformer. The charge transfer from the molecules to the surfaces is also the largest of these three configurations, making this the most stable structure at this coverage.
Configuration 3(B) grown from 2(B), decreases the adsorption energy to − 1.03 eV compared to 3(A), ΔE ads 3(A)-3(B) = − 0.07 eV. In this case, one of the hydrazine molecules bridges through both nitrogen atoms to the surface, whereas the others, in gauche conformation, bind only by one nitrogen to the copper atoms, allowing the formation of hydrogen bonds through their N to hydrogen atoms of the 'bridging' hydrazine in the middle. Structure 3(C) grows from 2(C), with all hydrazine molecules in gauche conformation and interacting through only one nitrogen atom to the surface, releasing a smaller adsorption energy of E ads = − 1.01 eV, i.e. − 0.09 eV less favourable than configuration 3(A). The energy difference is related to the smaller charge transfer from the molecules to the surface (shown in Table 2 ). The 3(C) has the highest cohesion energy among the calculated configurations, E cohe = −0.10 eV, which is due to the short distance between the molecules and therefore stronger H-bonds. Based on the lowest-energy structure found for the [N 2 H 4 ] n assembly by three molecules (n = 3), we increased the coverage by adding one and two extra molecules to this network. Fig. 3 shows the lowestenergy assemblies of [N 2 H 4 ] n clusters (n = 4, 5), with three and four H-bonds respectively. The calculated energies for these structures, ( Table 3 ), show that the clusters are energetically degenerate (ΔE ads 4-5 = − 0.01 eV), indicating that the extra H-bond in the structure does not contribute much to the stability of the structure and confirming that the hydrazine assembly is mostly due to dispersion forces. The lowest-energy [N 2 H 4 ] 6 assembly on the surface is shown in Fig. 3 with an adsorption energy of E ads = −1.01 eV, the same adsorption energy than 3(C). It is grown from 3(A) and consists of two trans structures in the centre, neighboured by four gauche conformers, with all the molecules binding to the surface through one N atom. Although there are four H atoms oriented towards the N of a neighbouring molecule, the calculated cohesion energy (E cohe = −0.05 eV) varies little and is of a similar magnitude compared to the other hydrazine assemblies with fewer hydrogen-bonds, which is due to the relatively long and weak hydrogen-bonds between molecules. By adding three more hydrazine molecules and increasing the coverage to nine molecules (4.53 molecules/nm 2 ), aimed at attaining full coverage, we found the lowest-energy configuration with an adsorption energy of E ads = − 0.95 eV/N 2 H 4 and dispersion contribution of E ads vdW = − 0.58 eV/N 2 H 4 , represented in Fig. 3 . Together with E cohe = − 0.07 eV/N 2 H 4 and E bind = − 0.92 eV/N 2 H 4 , these results indicate that the binding of the N 2 H 4 molecules to the Cu surface is the main contributor to the stabilisation of the hydrazine network, owing to the covalent character of the interaction of all molecules with the surface [25, 26] . Dispersion forces make up almost half of the adsorption and binding energies, showing that the dispersive forces are also essential in the description of the hydrazine organisation. The high contribution of dispersion forces to the small cohesion energies indicate that van der Waals forces are the main interaction between molecules, whereas hydrogen-bonding is only a weak factor in the formation of the hydrazine assemblies, because of the relatively long distances between molecules.
Electronic structure characterization
We have calculated the charge density differences for hydrazine on the Cu(111) surfaces by subtracting the individual electron densities of the molecular cluster and the surface, both calculated in the geometry of the combined system, from the density of the total system, see Fig. 4 . Yellow and blue regions correspond to positive and negative electronic charge modifications, respectively, between the Cu substrate and molecules.
The charge density difference has been calculated for two different coverages of hydrazine on the Cu(111), i.e. with 5 and 9 molecules. The electronic density rearrangement takes place individually, with negligible polarization of the molecular electron clouds, which is quite similar to the single molecule adsorption. This electronic behaviour matches the energetics, showing that the molecule-surface interactions (binding energy) contribute most to the hydrazine assembly. We also derived the topographical STM images, providing information about the spatial distribution of the valence band states in the vicinity of the Fermi energy (E F ), from the optimised structures of the different coverages composed of 5 and 9 hydrazine molecules. The positions of the atomic species adsorbed on a surface can be affected [3] in low temperature experimental STM, where they do not show the real space images of single molecules and small clusters on surfaces [37, 38] for several reasons, such as high mobility of the molecules during adsorption resulting in immediate formation of larger clusters and error in cluster assignment. Moreover, tip interactions can perturb the image by vibrational excitation [39] or restructuring [40] and dissociating adsorbed molecules [41] . However, simulated STM images do not suffer from any external perturbations.
We have tested different potentials with respect to the Fermi level energy and concluded that a bias of − 1.50 eV is enough to provide a clear STM image. Fig. 5 shows the STM images at a density of
× 10
− 5 e Å − 3 and distance of 1.7 Å for the hydrazine assembly , where yellow and blue denote loss and gain of electron density respectively. In order to clarify the effect of the hydrazine coverage on the binding and cohesion energies, we have analysed these energies for each structure in relation to the number of molecules in the assembled layer. A linear trend is presented in Fig. 7 , indicating that while the cohesion energy remains almost constant with increasing number of molecules, the adsorption energy as well as the binding energy between the assembled hydrazine layer and the surface become less important. This trend confirms that the molecule-molecule interactions are weak and the hydrazine network is led by the binding energy, which contributes more to the adsorption energy than the cohesion energy.
The equilibrium morphology of a crystal is determined by the surface free energies. Wulff's Theorem [42] states that a polar plot of surface free energy versus the orientation of normal vectors would give the crystal morphology grown under thermodynamic equilibrium based on the approach of Gibbs, [43] who proposed that the equilibrium form of a crystal should possess minimal total surface free energy for a given volume. Lattice dynamics simulations have shown that the contribution of the excess entropy term to the surface free energy is small compared to the enthalpy term, as the differences between the entropies of the bulk and the surface are small. Hence, for solid surfaces the surface energy is a close approximation for the surface free energy [44] and the surface energies can therefore be assumed to determine the equilibrium morphology of the crystal.
The experimental study by Lisiecki [9] showed that controlling the hydrazine concentration is a key parameter enabling the size and shape control of copper nanoparticles. As the energy of the system changes linearly with respect to the hydrazine coverage, the hydrazine chemical potential remains constant and we have calculated the relaxed surface energy (γ) of the Cu(111) surface for the lowest-energy adsorption configurations at different hydrazine coverages. Fig. 8 shows the variation of the Cu(111) surface energy as a function of N 2 H 4 coverage. As the increase in surface energy with hydrazine coverage is negligible, we may deduce that hydrazine does not affect the particles' morphology through the Cu(111), although it may of course have a more noticeable effect on surfaces with lower coordinations, which tend to be more reactive and whose surface energies tend to be more affected by adsorbates [45, 46] .
Temperature programmed desorption
In order to extrapolate the electronic structure results to real conditions we have simulated the temperature programmed desorption 
where θ is the coverage in ML and t is the time.
In the heterogeneous catalytic system, the constant rate of desorption process is computed using the transition-state theory by Eyring [47] and Evans and Polanyi [48] , as follows;
where h is the Plank constant, k B is the Boltzmann constant, T is the temperature, A 0 is the pre-exponential factor, E a is the binding energy and q IS and q TS are the partition functions of reactants and transition states, respectively. The partition function q IS includes all the vibrational modes, while q TS is the partition function for the transition state, where the only degree of freedom the molecule has is vibrational, from which the vibration between the molecule and the surface representing the reaction coordinate has been excluded. The values of the N 2 H 4 desorption rate constant and pre-exponential factor at 150 and 300 K are reported in Table 4 . Fig. 9 shows the simulated TPD spectra of molecular N 2 H 4 on the Cu(111) surface, where the derivative of the N 2 H 4 partial pressure with respect to the temperature results in a peak showing the temperature at which the N 2 H 4 pressure reaches its maximum. Since experimental reports show that hydrazine starts to decompose at around 300 K [49] , we have considered a temperature range between 100 and 300 K to investigate N 2 H 4 desorption, without involving hydrazine reactions on the Cu surface. A heating rate of 1 K/min was applied, measuring the pressure every second. From Fig. 9 it is clear that N 2 H 4 desorption takes place between 150 and 200 K from the Cu(111) surface. Similar desorption temperatures have been reported for hydrazine on rhodium [50] and Ir n /Al 2 O 3 [51] surfaces.
Conclusions
We have presented a theoretical study using DFT-D2 of the assembly of hydrazine networks adsorbed on the Cu(111) surface. Our results show that the molecule-molecule interactions are very weak and arise mostly from dispersive forces. We conclude that binding of the N 2 H 4 molecules with the Cu surface, plus dispersive forces between adsorbate and surface are the main interactions driving the assembled adsorbate networks, although the cohesion energies between the molecules, arising primarily from long-range interactions, also affect the arrangement of the molecules in the surface overlayer. The relatively large dispersion contributions to the cohesion energies indicate that the molecule-molecule interactions arise mostly from vdW forces and that hydrogen-bonding is the smallest contributory factor in the hydrazine assembly. Our charge density difference calculations show that the molecule and substrate share electrons, while no charge transfer was observed between molecules. The STM images for the two hydrazine networks composed of five and nine molecules were calculated, where the observed protrusions arise from the trans conformers. We have also investigated the surface energy as a function of hydrazine concentration, indicating that variation in the hydrazine coverage on the Cu(111) should not affect significantly the shapes of the copper nanoparticles, and further investigation of other Cu facets of the nanoparticles is therefore required to obtain the effect of hydrazine coverage on their surface energies. Temperature programmed desorption of hydrazine from the Cu(111) surface was simulated for different hydrazine coverages, showing a desorption peak between 150 and 200 K. 
